previously utilized for chemical analysis of enamel surfaces are generally unsuitable for in-vivo testing. This study explored the utility of internal reflection spectroscopy (IRS) as a non-destructive method for enamel-surface analysis.
SURFACE enamel represents the initial barrier to dental caries. Investigators have long realized that a thorough knowledge of the chemical nature of enamel is a prerequisite to the effective control of dental caries at its inception. While this rationale for enamel research is unquestioned, inability to detect subtle changes in the actual enamel surface is a shortcoming of available techniques. In addition, most methods require sample destruction to accomplish the analytical procedure. Thus available testing is limited not only by insensitivity to surface properties but also by unsuitability for in-viz90 analysis.
At present, the dynamics of the incipient carious lesion are difficult to assess with precision. Magnification of tooth surfaces to several hundred times original dimensions is possible with light microscopy. Scanning electron microscopy affords even greater resolution (HOFFMAN, MCEWAN and DREW, 1968) . However, the chemical nature of surface changes cannot be determined by these methods. In addition to the morphologic capabilities of the scanning electron microscope, the electron microprobe is able to measure relative concentrations of various elements (FRANK, CAPITANT and GONI, 1966) . However, both methods require near-vacuum conditions and are thus unsuitable for in-vim determinations.
Infrared absorption spectroscopy has proved useful in various phases of nondestructive analysis (CRISLER, 1966) . This analytic method is based upon the vibrational properties of most covalent bonds. Atoms of such bonds consistently undergo vibration at certain frequencies. The exact frequency of vibration is determined by the sum of independent variables (e.g. atomic weight, inter-atomic distance, electromagnetic inthtence, external forces, etc). Most inter-atomic vibrations fall within the range of the fundamental i.r. spectrum (O-6 to 12-O x 1013 c/s). Infrared energy is absorbed by the sample when vibrational and source frequencies are identical and the vibration coincides with a change of dipole moment. The change in dipole moment is the coupling mechanism that allows energy exchange. Once absorbed, energy is expended as heat in subsequent collisions with adajcent molecules. Different types (modes) of atomic vibration are designated by the Greek letter, "NC (v) and subscript 1, 2, 3, 4, etc. Normally only certain modes are infrared-active since only vibrations involving a change in dipole moment absorb incident energy. Additional information may be obtained from the classic work of HERTZBERG (1945) and the more recent, non-technical work of KENDALL (1965) .
With transmission spectroscopy, the sample to be analysed is suspended within a transparent window matrix such as KBr and placed between the IR source and the detector. The difference between the sample spectra and that of the suspending matrix alone is attributed to sample absorption. Transmission methods have proven useful for analysis of powders, liquids and gases. Such methods, however, are impractical for opaque or thick objects as source energy is either absorbed and/or reflected so that none is able to reach the detector. External (specular) reflectance spectroscopy has been employed for the analysis of optically opaque samples. Source energy is directed toward a surface with reflectance (absorbance) plotted as a function of wavelength (or frequency). This method is useful for the analysis of highly reflective samples, e.g., metals, possessing extremely smooth, even surfaces (POLCHLOPEK, 1966) . Irregular, non-reflective samples do not lend themselves to analysis by this method as they scatter or absorb a majority of the incident beam with little or no reflected energy reaching the detector.
Internal reflection spectroscopy (IRS), like specular reflectance, also utilizes the principles of reflected light energy. However, it differs in that the reflected beam is partially independent of the "physical" nature of the sample surface. Internal reflection spectroscopy involves propagation of an energy beam within a transparent prism material (internal reflection element). The sample to be analysed (of low refractive index relative to prism refractive index) is positioned such that the energy beam is reflected internally at a prism surface corresponding to sample contact. Upon striking the prism surface at an angle (6) greater than the critical angle (e,), the incident beam is totally reflected provided that the adjacent material of low refractive index does not absorb (K = 0) at the wavelength of the incident beam (HARRICK, 1967) . The critical angle is a dependent variable and is determined by arrangement of Snell's Law and Fresnel's equations) the following expression : (rewhere N2 is the refractive index of the sample material and N1 is the refractive index of the IRS prism. Note that N3 must be greater than N2 for total internal reflectance to occur. The critical angle otherwise becomes undefinable since light is refracted through the interface.
When 0 is greater than 8,, the incident beam is generally totally reflected. However, at each reflection, the electric vector penetrates the rarer medium a fraction of a wavelength (the "evanescent wave"). If the material in contact with the prism absorbs light at a given wavelength (K# 0), reflection at that point is no longer total in that the beam is attenuated in proportion to the optical properties of the absorbing, rarer medium. The use of multiple internal reflection increases sensitivity by providing multiple opportunities for absorption without energy loss at transparent wavelengths (HARRICK, 1967) . Infrared IRS thus represents the coupling of attenuated total reflection (ATR) with infrared spectroscopy to obtain a "fingerprint" of the chemical nature of the sample surface.
Enamel is not of homogeneous composition. Numerous studies have demonstrated the inverse relationship between fluoride content and depth from the surface (BRUDEVOLD, STEADMAN and SMITH, 1960; ISAAC et al., 1958; MELLBERG et al., 1968) .
Other enamel constituents also demonstrate variable concentrations that appear to be depth dependent (BATTISTONE, FELDMAN and REBA, 1967; SOREMARK and GRIN, 1966) . However, the molecular nature of these differences in chemical composition remains unknown. At present, there are no analytical means applicable to in-uiuo testing that permit determination of subtle chemical differences in enamel surface. This study was conducted to assess the ultility of infrared internal reflection spectroscopy for enamel surface analysis.
MATERIALS AND METHODS
Samples were divided into two groups; powders and solids. Powders included reference inorganic compounds, synthetic and naturally occurring apatites, plus powdered enamel (Table 1) . Small particle-size powder samples were obtained by grinding, when necessary, in an agate mortar and pestle. Enamel was prepared by fracturing crowns of human teeth dried inair;fragmems werecollected, and those containing enamel were isolated. These were further reduced by cutting (fracturing) small enamel chips with stainless steel scissors. If dentine was approached, cutting was terminated and the remainder discarded. Great care was taken to prevent dentine contamination from the final ground sample.
Solids included enamel slabs having (a) unaltered, natural surfaces and (b) those with artificially flattened surfaces. Specimens were prepared from fresh, sound teeth supplied by the Oral Surgery Department, University of Michigan School of Dentistry. It was found that incisors, due to their relatively flat labial surface, yielded specimens of greatest enamel surface. Incisors thus constituted a greater proportion of the sample specimens than did canines, premolars or molars. For preparation of flattened slabs, teeth were embedded in modelling compound and thin slabs sliced off roughly parallel to the labial surface. Polishing was accomplished by a series of garnet polishing papers down to 6-O grain. Of the 40 prepared specimens, 16 were selected for study on the basis of surface area, degree of flatness and lack of dentine contamination. Specimens were washed in water and dried in air prior to analysis. Internal reflection spectra were obtained by use of multiple internal reflection KRS-5 (thallous-bromide, iodide) prisms mounted in a Wilks Model 45 Micro-ATR accessory. Prisms were trapezoidal in shape with angulation of 45" between analytical surface and entrance face. Baseline spectra were run periodically to check for extraneous absorption (prism contaminants). Resultant spectra of prism and holder alone constituted control spectra. With powder analyses, samples were placed against both analytical surfaces of the KRSJ prism whereas solids were placed against the smaller surface only. Enamel slabs were altered (flattened) in one phase of the study to allow multiple reflection with corresponding increased spectral resolution. The IRS attachment with enclosed sample was placed in the sample beam of a Perkin-Elmer 337 spectrophotometer for i.r. scanning from 2 to 25 pm. Unaltered enamel was scanned over an identicalrangeusingasinglereflection apparatus (Courtesy of Wilks Scientific Corp.).
RESULTS
Five natural fluorapatites from different geographical locations yielded definitive spectra demonstrating strong phosphate absorption. Peaks varied over an 8 cm-l range; however, band shapes were nearly identical. The asymmetric phosphorousoxygen stretch (v3) appeared as a doublet at approx. 1098 cm-l and 1040 cm-l, the latter appearing as the deeper band (Fig. 1) . The phosphorous-oxygen "symmetric" stretch (or), which appears only because of lattice asymmetry, was seen at approximately 965 cm-'. The phosphorous-oxygen asymmetric bend (v,+) was observed as a strong doublet (degeneracy having been lost) at approximately 603 cm-' and 577 cm-'. Absorption at 630 cm-l was not observed (Table 2) .
Synthetic hydroxyapatite yielded similar spectra, except the y1 peak at 963 cm-' was weak relative to the uJ doublet (Fig. 2) . Also, a definite band was observed at 630 cm-l. The v, doublet was similar to that observed with natural fluorapatites. Table 1 ).
*Artifact due to filter change at 740 cm-'. +Atmospheric CO2 absorption due to unequal path length of sample and reference beams. 0 Spectral irregularities from 1950 to 1350 cm-r are due to atmospheric water vapor absorption.
Powdered enamel yielded consistent spectra in all samples tested (Figs. 3 and 4) . Strongest absorption was a blunted peak in the 1020 cm-l to 1040 cm-' range. The 1090 cm-l band was barely discernible and blended with the deeper vj segment. Another band (not observed with natural or synthetic apatites) was observed as a distinct peak between 870 cm-' and 880 cm-'. A suggestion of absorption at 630 cm-' was noted but seen in only 2 of 5 specimens, and when observed was extremely weak (Table 3) .
Flattened enamel slabs demonstrated extremely broad absorption that was consistently deepest over a broad range (900-990 cm-'). Typical apatitic v3 peaks were not observed. Enamel slabs, like enamel powder, demonstrated definitive absorption in the 860-880 cm-' region. Weak absorption at 630 cm-' was seen in some instances and not in others. v, peaks, although blunted, were consistent with those observed in spectra of enamel powders (Fig. 2) .
Unaltered enamel surfaces yielded a shallow definitive peak at 1080 cm-' with the deepest peak exhibiting blunted absorption at approx. 970-980 cm-'. Strong absorption at 950 cm-1 was also noted. The band at 87&880 cm-' was observed with 
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Fro. 5. Iutemal retlection spectra of enamel surface before and after diskiug. Note gradual downward slope and weak absorption at 630 cm-r in disked enamel.
both flattened and natural enamel surfaces, while weak absorption at 630 cm-l was an inconsistent observation (Fig. 5) . Table 2 for List of abbreviations
DISCUSSION
Spectra were highly reproducible when the experimental parameters of IRS were carefully controlled. Samples re-analysed on different occasions demonstrated band positions constant within a 3 cm-l range (the approximate resolution limit of instrumentation used). In contrast to band position, absorption band depth varied from one analysis to the next. These changes in sensitivity were due to adjustable variables of the apparatus (e.g. gain, reference beam attenuation, beam alignment, slit width). Observed differences in absorption frequencies (e.g., spectra of fluorapatites) were attributed to real differences in samples rather than inconsistencies of technique.
The critical angle at the enamel-KRS-5 interface was approximately 42*5', (e.g., 1*62/240 = Sin 0,). Thus at 19 = 45", the critical angle was exceeded but only by minimal margin. Close proximity (0 to 0,) is advantageous as it increases the penetration of incident energy into the rarer medium with corresponding greater opportunity for energy absorption. This advantage is countered by increasing distortion as refractive index varies through an absorption peak. Distortion (broadening on the long wavelength side of a band and shifts toward longer wavelengths) becomes sign&ant only as theta closely approaches the critical angle (HARRICK, 1967). Under conditions of the present study, these distortion effects were considered to be minor.
An important variable of IRS is the efficiency of sample contact with the i.r.-active prism surface. Powdered specimens of small particle size allowed for maximum contact between prism and sample. Under these conditions, multiple reflection was advantageous in that increased reflections occurred at areas of sample contact resulting in increased spectral resolution. In contrast, irregular solids, e.g., unaltered enamel surfaces) offered only a fraction of the surface area for prism contact. Multiple reflection analysis of unaltered enamel resulted in weak absorption and minimal attenuation since most of the source energy passed through the prism without opportunity for optical interaction with the sample. Thus, in the analysis of unaltered enamel surfaces (selected point contact), a single pass technique was employed. Optical properties of the single reflection hemicylinder of KRS-5 served to converge the beam of incident energy (FAHRENFORT, 1961) to the area of contact. The subsequent reflection, although solitary, was then efficiently utilized. Spectra obtained by multiple reflection demonstrated no qualitative difference from those of single reflection methods. The only difference was sensitivity.
Transmission methods have been previously used in the i.r. characterization of apatites plus various related inorganic compounds (ELLIOT, 1965; EMERSON, FISHER, 1962; STUTMAN, TERMINE and POSNER, 1965; WINAND, 1965). Analysis of reference minerals by IRS and subsequent comparison with transmission data clearly demonstrates similarity of results. Internal reflection spectra of synthetic hydroxyapatite reported here demonstrate absorption maxima within 10 cm-' of transmission data reported by FOWLER, MORENO and BRO'WN (1966). In addition, IRS spectra of dibasic calcium phosphate reported here are similar to previously published transmission spectra (FOWLER et al., 1966) (Table 4 ). Previous i.r. analysis of enamel utilizing transmission methods have suggested the presence of carbonate in enamel powder. In the discussion of enamel i.r. spectra, ELLIOTT (1965) concluded that five of the observed bands were a result of carbonate absorption. IRS spectra of enamel powders and slab surfaces reported here demonstrate close agreement with Elliott's transmission data. Since structural differences in the vicinity of the phosphorous-oxygen bond have been reported to give rise to shifts in band frequency (STUTMAN, TJZRMINE and POSNJJR, 1965), minor variations in band position between transmission and IRS spectra were attributed to slight difference in mineral species. Insensitivity of instrumentation or mild distortion due to proximity of theta to the critical angle are less likely but possible considerations.
Naturally occurring fluorapatites (identified by X-ray diffraction), although from different geographical locations (Mexico, Quebec, Georgia, Ontario, etc.) , demonstrated a striking similarity of internal reflection spectra. These natural fluorapatites consistently failed to absorb at 630 cm-l. Absorption at such a frequency would indicate the hydroxy group since deuteration of hydroxyapatite has been reported to shift the 630 cm-' band to 450 cm-l (FOWLER, 1968). Lack of absorption at 630 cm-' is in agreement with the anticipated spectra of fluorapatite and demonstrates the ability of IRS to distinguish hydroxyapatite from fluorapatite.
Internal reflection spectra revealed differences related to the physical state of enamel samples. Powdered enamel specimens demonstrated y3 absorption as a shoulder at 1090 cm-' and a well-defined peak in the 1030-1040 cm-' range. The v1 symmetric stretch was consistently observed at approx. 965 cm-'. In contrast, spectra of solid enamel (both altered and unaltered slabs) demonstrated a distinct shift in absorption maxima. Components of the v1 mode tended to merge, with a resultant broadening and loss of definition of band position. Maximum absorption was no longer seen in the 1030-1040 cm-' range, but shifted to the 900-990 cm-' range as a poorly defined doublet. An adequate explanation for this effect was not apparent although refractive index, degree of sample contact and differences in crystalline or chemical nature were among the factors considered.
The v4 absorption (asymmetric phosphorous-oxygen bend) was observed consistently as a split degeneracy. One segment occurred in the 600-603 cm-' range, as a sharp, well-defined peak. The other was variable in shape between 540 cm-' and 570 cm-' depending upon the physical state of the enamel specimen. With powdered enamel, the variable (low energy) v4 segment was sharp and consistently resolved within a narrow range (562-565 cm-'). In contrast, spectra of intact enamel demonstrated an ill-defined absorption maximum over a broadened range (540-570 cm-'). The explanation of this phenomenon awaits further investigation.
To accomplish IRS analysis of unaltered enamel surfaces, it was necessary to diminish the i.r.-active prism surface to the approximate area of sample contact. The resultant single reflection spectrum provided adequate characterization of unaltered enamel, surfaces. Subsequent disking of surface enamel resulted in slight but perceptable spectral changes as demonstrated by IRS. Unaltered enamel demonstrated a level approach to the v, absorption followed by an abrupt drop at 610 cm-l to a welldefined peak at 600 cm-'. After disking, absorption increased gradually at about 780 cm-' and continued into a weak band at 630 cm-'. Absorption increased from this point to the characteristic v4 band at 600 cm-' (Table 5 , Fig. 5 ). This change was attributed to relative loss of fluorapatite at the enamel surface due to mechanical reduction to subsurface levels.
The future direction of IRS in enamel research will include single reflection, and, eventually, multiple reflection in-viva analysis. In-uiuo testing will require refinement of experimental apparatus, eg., sample holders, etc., and selection of relatively inert prism materials (KRS-5 is toxic). Resume-Les techniques utilisQs pour l'analyse chimique de la surface de I'email ne pennettent g&neralement pas des essais in vivo. Au tours de cette etude, l'int&& de la spectroscopic par reflexion inteme (IRS) a CtC testt en tant que methode non-destructive pour l'analyse de la surface de I%mail.
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